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The results of some solubility determinations of H (1) indicated that in dilute 
aqueous solutions, H  participates in the formation of compounds resembling 
the sulfonium saltsdescribed by Davies and Oxford (2).  These authors pre- 
pared the H. 2TDG sulfonium salt bis-fl-[bis (/~-hydroxyethyl) sulfonium] ethyl- 
sulfide dichloride from a non-aqueous mixture of mustard (bis (~-chloroethyl) 
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sulfide) (H) and thiodiglycol (TDG).  They stated that this compound is a true 
salt, both chlorine atoms being ionized,  and that aqueous solutions of it are 
relatively stable at room temperature but decompose rapidly at 100°C., liberat- 
ing 2 equivalents of HC1. 
The experiments reported here show that in dilute aqueous solutions of TDG 
and H, the sulfonium salt H-2TDG is formed in appreciable amounts (see Fig. 
1 and Table I).  Similar observations were made by others (4, 6).  During the 
hydrolysis of dilute aqueous solutions of H, a compound is formed which hydro- 
lyzes faster than H. 2TDG but not as fast as H and which is probably H. 1TDG. 
The latter was not isolated. 
* This paper is based on work for the Ottice  of Scientific  Research and Development 
under  Contract  OEMsr-129 with  The Rockefeller Institute for Medical Research. 
Some of these experiments were included in the following OSRD reports.  Division 
B4 Informal  Monthly  Progress, April, 1942; Formal  Progress Report OSRD  No. 
653, 18-N-25, June,  1942. 
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Fxo.  1. Formation of H-2TDG sulfoninm  salt  by stirring  H  in M/10 and  ~/1 
TI)G solutions.  The broken lines are the limiting values expected from a  stoichio- 
metric reaction in which one tool of H reacts with two mols of TDG. 
I.  Formation  of the Sulfonium Salt H. gTDG in Dilute 
Aqueous Solutions of TDG and 17 
Fig. 1 represents the formation of a sulfonium salt when H  is shaken in ~/10 
and ~/1 TDG solutions at room temperature.  The two to one stoichiometric 
relationship between the concentration of TDG and the equilibrium concentra- 
tion of the sulfonium salt was indicative of the nature of the compound.  The 
slightly higher than stoichiometric equilibrium value obtained with M/10 TDG 
(see Fig. 1) may have been due to the formation of TDG during the reaction as 
a  result of hydrolysis of H  or to the formation of some sulgonium compound 
H. 1TDG. 
It should be mentioned that whereas the formation of H. 2TDG almost cer- 
tainly takes place in solution, the system studied was heterogeneous, H  being 
only slightly soluble in water (saturated  --  1 nag. per ml.).  The suspensions 
were shaken mechanically until all the H  had dissolved and presumably reacted 
with either the TDG or water. ROGER  M.  HERRIOTT  459 
TABLE I 
Preparation of the Sul  fonium Chloride Salt H.2TDG from H and Dilute TDG 
10 ml. of TDG (carbon-carbide kromfax solvent) was diluted to 100 
ml. with water then 5 ml. redistilled H was added and shaken vigor- 
ously for 8 hrs.  2 ml. more H was added and shaken 10 hrs.  Prac- 
tically all the H had disappeared.  This was then mixed with 1 liter 
of acetone; shaken and the two layers allowed to separate. 
Upper layer ...... 
Lower layer ...... 
No. 2 shaken with 80 ml. acetone and centrifuged.  Upper layer ...... 
Lower layer ..... 
No. 4 warmed to 55°C. and absolute alcohol added until the solution re- 
mained turbid.  On cooling  twolayers separated.  Upper  1  ayer ..... 
Lower layer ..... 
A few drops of the upper layer No. 5 were placed on a microscope slide 
or evaporating dish and soon crystallized.  Using these for inocula- 
tion of the lower layer, No. 6, set to a solid crystalline paste which 
was washed with 95 per cent alcohol and dried ..................... 
No. 7 recrystallized from 200 ml. of hot 95 per cent alcohol plus water to 
dissolve, filtered, and washed with alcohol and dried  .............. 
No. 8 recrystallized from 200 ml. of hot 95 per cent alcohol plus wate 
to dissolve, cooled to 5°C., filtered, and washed ....................  . 
Meltintt 
point 
(corrected) 
°C. 
97-100 
100.5 
103 
103  Davies and Oxford product  ...................................... 
Eltm~tary Analyses of Std  fonium Chloride Salt 
Calculated  from  Found  Davies and Oxford  Elame~t  formula 
C 
H 
Total C1 
Chloride ion 
S 
~cr t~t 
35.7 
6.94 
17.6 
17.6 
23.8 
per 
35.7 
7.0 
17.5 
17.5 
23.4 
~cf ¢#ttJ 
35.5 
7.0 
17.5 
23.5 
It may be seen from the results in Fig. 1 that the rate of formation of the sub 
fonium salt in TDG  solutions was greater  than  in water and  the equilibrium 
quantity was approximately proportional to the TDG  concentration.  A  large 
proportion  of the  reaction  product  was  demonstrated  to  be H.2TDG  by its 
isolation and identification, the details of which are described in Table I. 460  SULFONIU'M  SALT  OF  MUSTARD  GAS 
Formation in Aqueous Solutions of tt 
Since TDG is a product of hydrolysis of H, it was of some interest to deter- 
mine to what extent H. 2TDG was formed during the hydrolysis of tt solutions. 
The complete course of hydrolysis of an aqueous solution of H is shown in Fig. 
2.  In the first hour during which the free H disappeared, the liberation of acid 
was logarithmic (K =  0.12)  but after this there was an abrupt change in rate 
followed by a gradual change continuing for many hours.  Approximately 93 
per cent of the calculated quantity of acid was liberated during the initial drop. 
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FIG. 2.  Hydrolysis of 3.2  ×  10  -s ~  H  at 25°C., in distilled water. 
The abrupt change in logarithmic plot (Fig. 2) at this point was taken as indi- 
cating the presence of another acid-liberating product.  It is noteworthy that 
even at its slowest, the rate of acid formation was many times faster than the 
rate of acid formation in dilute solutions of c  .rystalline H-2TDG at 25°C. for 
which K  =  about 3 >( 10  "s (see Table II).  A difference was also noted in the 
hydrolysis rates at 100°C.  The unstable material formed during the hydrolysis 
of H in aqueous solutions at 25°C. decomposed at 100°C. liberating acid within 
a minute whereas H. 2TDG required 20 to 30 minutes. (see Table II). 
Rydon (3), Stein, Moore, and Bergmann (4), and Powell and Rydon (5) have 
noted that the sulfonium salt H. 1TDG hydrolyzes considerably faster than 
H. 2TDG and that it hydrolyzes in two steps.  The formation of acid in solu- 
tions of pure mustard (Fig. 2) after the first hour is strikingly similar to the 
results of Stein eta/. (4) for the formation of acid in solutions of pure H. 1TDG. ROGER M. HEMOTT
￿
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In both instances theslope of the logarithmic plot changeswhen about half the
acid is liberated and the slopes of thecurves for thetwomaterials agreewithin
a factor of 1.5.
The material formed in water solutions of H has not been studied further
except toshow that itis precipitated from dilute solutionby " the reagent KHgI*
(6) as readily as is H-2TDG. An estimation of the concentration from the
hydrolysis curves in Fig. 2 indicates that between 5 and8percent of theactive
H in an aqueous solution goes into theformation of this salt .
￿
This was quali-
tatively confirmedby comparing thequantity of precipitateformed by addition
of KHgIswith that formed with various concentrations of purified H-2TDG .
No purified H-1TDG was available for comparison.
TABLE II
H*olysis of M1100H-tTDG a1 di ferna Ismperalwes
" In alculiting thee hydrolysis contents, the time was measured in minutes.
It may be tentatively concluded from the rates of hydrolysis that the un-
knownfraction inwater isH.1TDGrather thanH-2TDG. Other things being
equal this wouldbe expected from asimple kinetic theory, when the concentra-
tion ofH is high in proportion to the TDG.
II . Mdhodof Preparation ofH-2TDG
Theresults in an earlier sectionare strong evidence that H-2TDG is formed
when.H reacts with aqueous solutions ofTDG. More conclusive evidence was
obtained by its isolationas described in Table I from an aqueous solution of
TDG after shakingwithH overnight. The table is self-explanatory and needs
no comment except to state that it is unfortunate that the products were not
weighed, thus no quantitative figure of the yield couldbe included. !However,
it is estimated that the yield of oncecrystallized product was reasonably good .
Temyenta o a c W.rl "
010
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'aSolch - nf
Oc.
20 1.65X 10-4
6.0
25.3 3.1 X 1"
6.0
37 1.5 X !"
3.6
75 2.0 X 10-9
2.6
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IIL Hydrolysis of ~/100 H. 2TDG at Different Temperatures 
The rate of hydrolysis of M/100 crystalline H. 2TDG has been determined at 
different temFeratures and the results are shown in Table II.  A temperature 
coefficient, Ql0, i.e. the ratio of the velocity constants at temperatures differing 
by 10°C, for this reaction was 3-4.  This is slightly higher than many chemical 
reactions but is close to that obtained by Hopkins (7) for the hydrolysis of H 
in aqueous solutions. 
Fig. 3 is a plot of the logarithm of the velocity constant against the reciprocal 
of  the  absolute  temperature.  The  straight  line  obtained  shows  that  the 
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Fxo. 3. The effect of temperature on the hydrolysis  of M/100 H. 2TDG asindic~t~-d 
A 
by Arrhenius  equation In k  =  -R--T +  C. 
A 
Arrhenius equation, Ink --  -- R"-T  +  C, relating the reaction rote k to the tem- 
perature is applicable to this reaction.  The slope of this curve gives s value of 
the activation energy A  equal to 26,000  calories. 
SU~a~ARY 
1.  The sulfonium salt H, 2TDG is formed when H is mixed with even dilute 
solutions of TDG.  Crystalline H-2TDG was isolated from such a  reaction 
mixture.  A simple method of preparation of this salt is outlined. 
2.  A material which differs from H-2TDG in that it hydrolyzes faster, is 
formed when H  hydrolyzes in  water.  This material is probably H. ITDG 
but it was not isolated.  Approximately 5 to 8 per cent of the original H  is con- 
verted to this suLfonium salt. ROGER  M.  HERRIOTT 
3.  The hydrolysis constant of x~/100 H-2TDG has been determined at 20  °, 
25.5 °, 37  °, 75  °, and 100°C., a  temperature coefficient, Ql0, of 3-4 was obtained. 
The effect of temperature is in agreement with that predicted by the Arrhenius 
equation.  An activation energy of 26,000 calories was calculated. 
EXI~ERIMENTAL  DETAILS 
Titrimetric Method of Determining Sulfonium Compounds 
A method of determining the sulfonium compounds H-1TDG and H.2TDG was 
developed, based on their low rate of hydrolysis relative to H.  The method is appli- 
cable to mixtures of H and the sulfonium compounds.  Itconsists of diluting an aliquo- 
to reduce the concentration of any inhibiting substances such as chloride ion; allowing 
the free H  to hydrolyze during a 30 minute period at 25°C. followed by a titration of 
the free acid; and finally heating this same aliquot in a water bath until there is no 
further liberation of acid.  At  100°C.  the period of heating was 20 to 30 minutes. 
A  titration of this second liberation of acid served as a measure of the sulfonium com- 
pound.  Some additional and independent information is required to decide whether 
the compound is H. 1TDG or H. 2TDG. 
Experimental Procedure used in Fig. 1 
1.0 ml. of c.x,. mustard was added to 15 ml. of M/10 and ~/1 TDG solutions in glass- 
stoppered bottles and shaken mechanically at 25°C.  Aliquots were removed, diluted 
5 to 50 times to lower the chloride concentration, and the solution allowed to stand 30 
minutes to allow the free H to hydrolyze.  The free acid thus liberated was neutralized 
and then the sample heated until no more acid was liberated.  The second titration 
was plotted in Fig. 2 against the time when the sample was taken from the reaction 
mixture. 
Experimental Procedure Used in Fig. 2 
To 500 ml. of distilled water at 25°C. was added 0.2 ml. of c.P. H  (~.P. 14.2 to 14.5) 
and the flask shaken hard for a minute.  The H  dissolved completely.  The entire 
contents was then titrated at intervals with NaOH using methyl red as an indicator. 
The concentration of NaOH was N/1 during the first 30 minutes and N/50 thereafter. 
The logarithm of the unliberated acid is plotted in Fig. 2 against the time of titrating. 
The total acid liberated agreed closely with the value expected from the concentration 
of H  used.  In calculating the hydrolysis constants K  shown in Fig. 2 the time was 
measured in minutes, not hours as used in the abscissa of this figure. 
Experimental Procedure Used in Table H 
202 rag. (5 ×  10  -a tools) of twice crystallized H  2.TDG was dissolved in 50 ml. of 
distilled water at various temperatures  and the liberation of acid determined titri- 
metrically on 5 ml. aliquots.  The temperatures were controlled to -~ 0.5  ° except at 
75°C.  which was  +  I°C. 464  SULI~ONIUM SALT OF MUSTARD GAS 
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